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Abstract

Alveolar macrophages (AM®) have the capacity of local self-renewal through adult life; however,
mechanisms that regulate AM® self-renewal remain poorly understood. We found that myeloid
specific deletion of Raptor, an essential component of the mammalian/mechanistic target of
rapamycin complex 1 (MTORC1), resulted in a marked decrease of this population of cells
accompanying altered phenotypic features and impaired phagocytosis activity. We demonstrated
further that Raptor/mTORCL deficiency did not affect AM® development, but compromised its
proliferative activity at cell cycle entry in the steady state as well as in the context of repopulation
in irradiation chimeras. Mechanically, mMTORC1 confers AM® optimal responsiveness to GM-
CSF induced proliferation. Thus, our results demonstrate an essential role of mMTORC1 for AM®
homeostasis by regulating proliferative renewal.
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Introduction

Alveolar macrophages (AM®) are the most abundant immune cells residing in terminal
airways, where they play important functions in lung development, integrity, surfactant
metabolism, and host defense responses, rendering them prominent targets for therapeutic
intervention (1, 2). The traditional view that AM® belong to the mononuclear phagocyte
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system (3) with bone marrow-derived monocytes as developmental intermediates has been
recently challenged. Accumulating evidence has recently indicated that many tissue resident
macrophages, including AM®, are derived from embryonic precursors, and are self-
maintained with minimal contribution from circulating bone marrow-derived precursors in
steady states (4-10). Fetal monocytes, as AM® precursors, seed into the lung prior to birth,
expand massively, and then develop into mature AM® during the first week after birth.
These differentiated AM® persist through adulthood via proliferative self-renewal
independent of circulating monocytes (11). However, under certain conditions, such as bone
marrow transplantation after lethal irradiation, AM® can be replenished from bone marrow-
derived monocytes (8, 12, 13), which serves as an emergency pathway of AM® ontogeny.
During AM® development, they undergo profound changes of the surface profile, which are
characterized by increased expression of CD11c, Siglec-F, F4/80, and CD64, and
concomitantly down-regulation of CD11b (11, 13). Local environmental signals, such as
granulocyte-macrophage colony-stimulating factor (GM-CSF), instruct AM® via PPAR-y to
acquire such signature phenotypes and functions (13-15). Moreover, GM-CSF is also
required for AM® maintenance in promoting proliferation (8, 16-19). Although emerging
evidence highlights proliferative self-renewal as the main mechanism for AM® maintenance
in both steady state and under stress conditions, mechanisms that link mitogenic stimuli,
such as GM-CSF, to proliferative renewal programming, remain largely unknown.

Proliferating animal cells must tightly coordinate cell-cycle progression with cell growth and
proliferation associated bioenergetic demand. Mechanistic target of rapamycin (mTOR), a
highly conserved serine-threonine kinase, serves a key sensor for metabolic cues to regulate
cell growth and proliferation (20, 21). mTOR forms at least two known distinct complexes,
mMTOR complex 1 (mMTORC1) and mTORC2. mTORC1 contains mTOR, Deptor, mLSTS8,
PRAS40 and the adapter protein Raptor, and is sensitive to the immunosuppressant
rapamycin. mMTORC1 acts downstream of the PI(3)K-Akt-Tsc1/2 pathway to phosphorylate
translational regulators, the S6 ribosomal kinase (S6K), and the translation initiation factor
4E binding protein 1 (4E-BP1) (22). Subsequently, S6K phosphorylates the ribosomal
protein S6 to promote ribosomogenesis. Furthermore, activation of mMTORC1 promotes the
downstream anabolic processes, such as glycolysis, by activating the transcriptional factors
Hifla and c-Myc, as well as de novo lipid biosynthesis via up-regulating SREBPs, while
suppressing catabolic processes such as autophagy (20, 21, 23, 24). As such, essential roles
of mMTORC1 and its tight regulation by Tsc1 have been demonstrated to regulate both innate
and adaptive immunity (25-40). While inhibition of mMTORC1 can reduce pro-inflammatory
cytokine production and M1 polarization by macrophages, constitutive mTORC1 activation
due to Tscl deletion leads to enhanced pro-inflammatory responses and macrophage M1
polarization, but resistance to IL-4-induced M2 polarization and endotoxin-tolerance (41—
44). Despite extensive progress in our understanding of the role of mTORC1 in macrophage
function, the importance of mMTORC1 signaling in the development or maintenance of
macrophages is largely unclear. In this report, we demonstrated an essential role of
MTORC1 in AM® homeostasis, at least in part by promoting their proliferative self-renewal
via ensuring optimal responsiveness to GM-CSF induced cell cycle entry.
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Materials and Methods

Mice

Rptor [ yzMere’*, pogZsgreen’* (containing the robust bright reporter gene Zsgreen
following the STOP cassette driven by the endogenous Rosa26 promoter) mice were
purchased from Jackson Laboratory. Rpotor mice were crossed with LyzMee* mice or
R26CTEERTZ/* tq generate Rptor™fLyzMere* (called Rptor®MYe! here) or
Rptor™R26CreERTZ/* mijce, respectively. To monitor the activity of Cre recombinase,
LyzMe™* and Rptor®™Yel mice were further mated with R262%9r¢€* mice. All mice were in
C57BL/6 genetic background. Experiments were carried on 6-9 week old mice unless
otherwise indicated. All procedures were in compliance with protocols approved by the
IACUC of Duke University.

Cell isolation

Bronchoalveolar lavage was performed by repeatedly passing 0.5ml cold PBS with 2mM
EDTA through an intratracheal cannula (BD Insyte IV catheter) 5 times. Peritoneal cells
were collected by lavage with 5ml cold PBS with 2mM EDTA. Bone marrow cells were
harvested by flushing tibias and femurs. Splenocytes were obtained by mechanical
dissociation of spleen tissues. To isolate cells from the lung, whole lungs were cut into small
pieces, and digested in RPMI-1640 medium supplemented with 2% fetal bovine serum
(FBS), 2mg/ml type IV Collagenase (Washington), and 0.05mg/ml DNase I(Sigma-Aldrich)
for 45 min at 37°C. Red blood cells were lysed in ACK buffer for 3 min on ice. All cells
were filtered through nylon meshes and washed with cold PBS.

Cell stimulation and culture

Fleshly isolated cells were rested in PBS supplemented with 0.5-1% FBS for 2h. Then, they
were stimulated with varying doses of recombinant murine GM-CSF (Peprotech),
recombinant murine M-CSF (Peprotech) or vehicle (PBS) for 30 min. In some experiments,
cells were pretreated by rapamycin (Sigma-Aldrich) as indicated. For an in vitro culture
assay, cells harvested by bronchoalveolar lavage were labeled with CFSE or CellTrace
where indicated. Cells were cultured in complete RPMI-1640 medium containing 10% FBS,
2 mM glutamine, and penicillin and streptomycin (100 U/ml each; Invitrogen) for 1-2 h at
37°C and 5% CO,. The non-adherent cells were discarded, and the plates were washed by
warm PBS twice. The remaining adherent cells were used as alveolar macrophages, and
were cultured in the presence of 10 ng/ML LPS (Sigma-Aldrich), 10 ng/ML recombinant
murine 1L-4 (Peprotech), 10 ng/ML recombinant murine GM-CSF, recombinant murine M-
CSF or vehicle (PBS) for the indicated times. The cultured cells constituted more than 95%
as alveolar macrophages verified by flow cytometry analysis. GlogiPlug (BD Bioscience)
was added if intracellular flow cytometry analysis required. 0.5 UM 4-OHT (4-hydroxy-
tamoxifen; Sigma-Aldrich) were administered into the culture medium for the induction of
Cre-mediated deletion.
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Flow cytometry

For analysis of surface markers, cells were stained for 15 min on ice in PBS supplemented
with 2% FBS with antibodies from Biolegend, unless specified otherwise. These antibodies
were FITC, PE, PerCP, PE-Cy7, APC/Alexa Fluor 647, or APC-Cy7 conjugated anti-CD115
(AFS98), anti-CD116 (698423; R&D), anti-CD131 (JORO50; BD), anti-Siglec-F
(E50-2440; BD), anti-CD11c (N418), anti-CD11b (M1/70), anti-CD45.1 (A20), anti-
CD45.2 (104), anti-1-A/I-E (M5/114.15.2), anti-F4/80 (BM8), anti-Ly6C (HK1.4), anti-
CD98 (RL388), anti-CD80 (16-10A1), anti-CD86 (GL-1), anti-CD16/32 (93), anti-CD64
(X54-5/7.1), anti-CD205 (NLDC-145), anti-CD206 (C068C2), anti-CD3 (145-2C11), anti-
TCR-p (H57-597), anti-NK1.1 (PK136), anti-CD19 (6D5), anti-B220 (RA3-6B2), anti-
Ly6G (1A8), and anti-CD103 (2E7). CD115, CD116, and CD131 were stained for 30 min at
room temperature. A Pacific blue conjugated live/dead viability kit or 7-AAD (Invitrogen)
was used for the exclusion of dead cells. For assessment of apoptosis, Annexin-V and FITC-
VAD-FMK (Promega) staining kits were applied.

For detection of intracellular cytokine or phosphorylated signaling proteins, fleshly isolated
cells or stimulated cells were fixed using BD cyto/perm buffer according to manufacturer’s
instructions. Following permeabilization with pre-chilled pure methanol (-20°C) for at least
30 min on ice, intracellular staining was performed with antibodies, including anti-1L-12
(p40) —PE (C15.6; Biolegend), anti-pS6 (Ser235/236)-Alexa Fluor 647 (D57.2.2E; Cell
signaling) and anti-p4E-BP1 (Thr37/46; 236B4; Cell Signaling). Anti-p4E-BP1 was
detected with anti-rabbit-1gG-Alexa Fluor 594 (Invitrogen). Isotype-matched control
antibodies were used as a negative control.

We noted that Raptor deficiency AM® exhibited elevated autofluorescence compared with
WT controls (Figure 2A, Supplementary Figure S2A). As a source of noise,
autofluorescence may decrease sensitivity to distinguish the levels of individual antigen
markers (65). To unequivocally determine the surface phenotypes of AM®, we adapted
fluorescence-minus-one (FMO) staining sets in which a channel of interest was stained with
isotype antibodies to establish autofluorescence control, and the expression of each marker
was quantified by dividing the geometric mean fluorescence intensity (gMFI) of the
molecule of interest of the stained cells by the gMFI of FMO control. Data were acquired on
BD Canto Il and analyzed with Flowjo software (Tree Star).

Cell sorting and guantitative real-time PCR

Cells isolated from whole lungs were stained with PE conjugated antibody against Siglec-F,
followed by enrichment by MACS (Miltenyi biotec) positive selection with LS columns
according to the manufacture’s protocol. The enriched cells were stained with anti-CD11c
and 7-AAD. Live alveolar macrophages were sorted using MoFlo with greater than 98%
purity. Total RNA was extracted by the TRIZOL method, and then reversely transcribed to
cDNA using an iScript kit (Bio-Rad). gPCR was performed with SYBR Green master mix
(Bioline) on a Mastercycler realplex system (Eppendorf). Relative expression of each gene
was measured using the delta Ct method, and the expression of beta actin served as a
standard (Primers were listed in the supplementary table 1). Each PCR reaction was verified
by a melting curve or agarose gel electrophoresis.
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Apoptotic phagocytosis assay
Phagocytosis of apoptotic cells was conducted as previously described. Briefly, thymocytes
were cultured with 0.1 uM dexamethasone (Alfa Aesar) for 16 h to induce apoptosis. After
pHrodo Red (Invitrogen) labeling, apoptotic thymocytes were incubated with purified
alveolar macrophages in 12-well plates. Alveolar macrophages were scraped off from the
plate and analyzed by flow cytometry.

Assessment of proliferation

Proliferation was assessed by analysis of BrdU (Sigma-Aldrich) incorporation cells in vitro
and in vivo following incubation of 10 uM BrdU in culture medium for 6-8 h or injection
i.p. with 1.5 mg BrdU in 200 ul PBS for 7 consecutive days, respectively. The harvested
cells were stained for surface markers, followed by intracellular staining for the BrdU
according to the manufacture’s introduction (BD Biosciences). Frequencies of BrdU
incorporation were determined by flow cytometry using corresponding cells stained by an
isotype antibody as background controls. Ki67 expression was determined by intracellular
staining and flow cytometry.

Measurement of glucose uptake

Glucose uptake was measured with 2-NBDG (2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-
yl)Amino)-2-Deoxyglucose; Invitrogen). Freshly isolated cells were incubated with 100 uM
2-NBDG for 10 min at 37°C prior to the staining of surface markers.

Analysis of mitochondrial mass

For mitochondrial mass, cells were stained with 50 nM MitoTracker Green (Invitrogen) in
complete medium at 37°C for 30 min prior to surface staining. Alternatively, relative
mitochondrial genomic DNA copies were determined by isolating total DNA from sorted
cells and performing real-time quantitative PCR using the mitochondrial 12S rRNA and
nuclear 18S rRNA specific primers as previously described(39).

Mixed bone marrow chimeras

The recipient mice (CD45.1*CD45.2*) were exposed to lethal irradiation (1000 rad). The
mixture of T cells depleted bone marrow cells from wild-type mice(CD45.1%) and
RptorAMyel mice(CD45.2+), or wild-type mice (CD45.1%) and Rptorf/fIR26CTeERT2/+
(CD45.2%) were injected i.v. into the recipient mice at indicated ratio, respectively. Eight
weeks later, recipient mice were sacrificed at various time points, depending on the
requirements of the experiments. For the induction of the Cre recombination by tamoxifen,
200 pl 10mg/ul tamoxifen (Sigma-Aldrich) were injected i.p. into the recipient mice at least
4 times before analysis.

Statistical analysis

Data were calculated with the mean SEM method. Unless specified differently, statistics
were determined using unpaired two-tailed Student’s ftest using Prism software (GraphPad).
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Myeloid specific Raptor deficiency leads to selective disruption of AM® homeostasis

To investigate the role of mMTORCL in resident macrophages, we generated mice that were
homozygous for the floxed Raptor gene, a key component of the mTORC1 complex (20),
and heterozygous for the Cre recombinase gene driven by the lysozyme M promoter (45)
(referred as Rptor®MYel), Littermates bearing the floxed Raptorgene in the absence of Cre
served as wild-type controls (referred as WT). In Rptor®™Yel mice ranging from 6 to 16
weeks of age, AM® (CD11c*Siglec-F*) were obviously decreased in both frequencies and
absolute numbers compared to WT controls (Figure 1A, 1B). Evaluation of additional cell
surface markers for AM® further confirmed the reduction of this population of cells in
Rptor®™Yel mice (Supplementary Figure S1A). Since fetal monocytes, which serve as AM®
precursors, seed the lung before birth and initially establish the AM® pool in the first week
after birth(11), we asked whether impaired AM® development in the absence of Raptor
contributed to decreased AM® in adult mice. However, no obvious differences in either
frequencies or numbers of AM® were observed between Rptor®™Yél and WT mice at 7 days
of age (Figure 1C and 1D). Accordingly, mRNA expression of PU.1and PPAR-y, which
were critical for AM® differentiation (13, 46), were comparable between sorted AM® from
WT and Rptor®MYel mice (Figure 1E). These findings suggest that loss of mTORC1 did not
impair initial establishment of the AM® pool; rather, it caused impaired maintenance or
further expansion of this population of cells.

To determine whether mTORC1 plays a broad role in macrophage generation and
maintenance, we analyzed macrophages from various tissues. Different from AM®, total
numbers of other tissue macrophages such as large peritoneal macrophages (LP®), small
peritoneal macrophages (SP®), splenic red-pulp macrophages (RP®) and bone marrow
macrophages (BM®) were not obviously affected in Rptor®™Yel mice. Moreover, there were
no changes in the pool size of interstitial macrophages (IM®) as the counterparts of AM®
located in the lung, which indicated normal development or recruitment of these
macrophages in the absence of Raptor (Figure 1F and supplementary Figure S1B).

To rule out the possibility that differential Cre-mediated deletion efficiencies in these cell
lead to such distinct phenotypes between AM® at the age of adult and 7 days after birth, as
well as other macrophages, we bred RptorA™Yel mice to R26Z59"€€/* reporter mice which
carrying a floxed STOP cassette preceding the robust bright fluorescent protein Zsgreen
gene in the ubiquitously active Rosa26 locus (47). We observed similarly high efficient Cre-
mediated deletion in AM® (Figure 1G), even at 7 days of age (Figure 1H), and other
macrophages in both LyzMCe/*R26Zs9reen/+ and RptorAmyelR262s9reen’+ mice (Figure 11).
Furthermore, no significant alterations were observed in the numbers of other hematopoietic
cells in the lung (Figure 1J), neither in peripheral blood cells (not depicted). Collectively,
Raptor/mTORCL1 was selectively required for AM® homeostasis and had minimal role in
the maintenance of other macrophages.
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Rptor2mYel AM® exhibit abnormal surface phenotype, M1/M2 polarization, and
phagocytosis function

AM® exhibit phenotypic characteristics including high autofluorescence featured by broad
excitation and emission wavelengths (Supplementary Figure S2A), highly expressed Siglec-
F and CD11c, and yet low expression of CD11b, which may reflect the local specific signals
these cells received (1, 2). Rptor®Myel AM® displayed enhanced autofluorescence (Figure
2A and Supplementary Figure S2A), down regulated Siglec-F, but elevated CD11c and
CD11b expression compared with WT controls (Figure 2B, C), correlated with altered
MRNA expression (Figure 2D). Furthermore, surface expression of pan-macrophage
markers F4/80 and CD64 were decreased on AM® from Rptor®MYel mice (Figure 2E).
Analysis of the expression of other surfaces markers, such as MHC-I1 and co-stimulatory
molecules CD80 and CD86, revealed down regulation of these molecules to different extents
(Figure 2E). Overall, these findings indicated that deletion of Rapforbroadly affected
phenotypic characteristics of AM®.

Dysregulation of AM® in adult Rptor®MYe!l mice was in a manner reminiscent of those in
immature AM® in terms of the outcome of arrested developmental process (11, 13, 48). It
raised the possibility that fetal monocytes may be defective to develop into bona fide mature
AM® in the absence of Raptor. However, AM® from RptorA™Yel mice at the age of
postnatal day 7 showed similar autofluorescence (Figure 2A) and similar expression of
Siglec-F, CD11b, and CD11c relative to the WT AM® (Figure 2F), arguing against the
possibility of impaired development of mature AM® in RptorA™Yel mice. Thus, it was more
likely that functional MTORC1 had a direct or indirect function in maintaining the
characteristic surface profile of AM®. Together with the unaltered initial AM® population
established in the first week after birth, our data suggested that Raptor deficiency may not
affect AM® development, but may result in diminished AM® with altered surface profile
over time.

Rptor2myel AM® exhibit abnormal M1/M2 polarization and phagocytosis function

Macrophages can differentiation to M1 and M2 subleanages with distinct functions [J.
Rptor2myel AM® appeared to manifest enhanced inflammatory responses, reflected by
elevated IL-12 and iNOS expression following LPS stimulation, but to be refractory to IL-4-
induced M2 polarization indicated by decreased expression of the M2 hallmark gene
Chi3I3(YM1) (Figures 3A and 3B). Additionally, RptorA™mYel AM® expressed slightly
reduced CD206, another M2 marker (Figure 2E). Together, our data suggest that absence of
MTORC1 activity promotes M1 but inhibits M2 polarization of AM®.

AM® contribute to lung tissue homeostasis by clearing up dying cells from the
bronchoalveolar space. To characterize the capacity of AM® from WT and Rptor®™Ye! mice
to phagocytose apoptotic cells, we took advantage of pHrodo Red, a dye that only fluoresces
following transport into acidic environments, such as lysosomes(49). Purified AM® from
WT and Rptor®MYel mice were incubated with pHrodo Red-labeled apoptotic thymocytes in
vitro for the indicated times, followed by flow cytometric detection of pHrode Red. pHrode
Red fluorescence was consistently lower in Rptor™mYel AMd® than WT controls (Figures 3C
and 3D), indicating impaired capacity of Rptor®mYel AM® to engulf apoptotic cells.
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mMTORC1 dependent metabolic checkpoint mediates AM® proliferation

Since AM® are generally restricted to the alveoli(50, 51) and have recently been
demonstrated to persist through adulthood with long lifespan and local proliferation
independently of circulating monocytes(8, 11), we hypothesized that the diminished density
of AM® in the absence of Raptor could be due to defect in viability, proliferation, or both.
We detected similar proportions of dead cells identified by 7-AAD or Annexin-V staining
(Supplementary Figure S3A), and similar caspase activity by VAD-FMK staining
(Supplementary Figure S3B) in AM® from WT and Rptor®MYel mice, suggesting that
mTORC1 may be dispensable for AM® survival.

AM® have the capacity of self-renewal /i situat a slow ratel. Indeed, BrdU labeling assay
revealed ~20% of WT AM® entered the cell-cycle after consecutive 7 d BrdU
administration, whereas other hematopoietic cells like monocytes constituted more than 90%
of cells incorporated with BrdU (Figure 4A and 4B). In comparison, RptorAMyel AMd®
showed around half of the population entered the cell-cycle relative to WT AM® (Figure 4A
and 4B). Expression of Ki67, which is expressed exclusively by cells in active cycling, was
also decreased in Rptor®Myel AM® (Figure 4C). In contrast to AM®, no obvious differences
in BrdU incorporation were observed in other monocyte/macrophage lineage cells, such as
IM®, RP®, and monocytes (Figure 4B), which were in agreement with normal cellularity of
these cells (Figure 1F).

Consistent with impaired proliferation, Rptor®MYel AM® showed diminished expression of
CDKZ2, CDK4, CDKE6, and Cyclin D2 (CCNDZ2), components of the cell cycle machinery
(Figure 4D). Thus, defective in cell-cycle entry of Rptor®MYel AM® may potentially
contribute to impaired self-renewal and diminished AM® population in these mice.

Next, we sought to determine the cellular mechanism correlated with mTORC1 that
regulates the proliferation of AM®. We noted that Rptor®MYel AM® showed a significantly
reduced cell size, as judged by the flow cytometry forward scatter (Figure 4E). Proceedings
of cell growth and proliferation generally coincide with the enhanced uptake of nutrients,
such as amino acids and glucose. Expression of CD98, a key molecule for the amino acid
uptake, and glucose uptake were both down regulated in Rptor®Myel AM® (Figure 4F).
Mitochondrial contents in Rptor®MYel AM® were also reduced, indicated by decreased
MitroTracker staining (Figure 4G and 4H) and the mitochondrial DNA to nuclear DNA ratio
(Figure 4l). These data suggested an essential role of Raptorfor AM® growth, nutrient
uptake, and mitochondria biosynthesis, which may contribute to cell-cycle entry and self-
renewal of AM®.

Raptor regulates repopulation of AM® post irradiation induced replenishment

Studies have shown that most tissue macrophages, including AM®, can be replenished by
bone marrow-derived blood monocytes in the context of irradiation chimeras (8, 11-13). We
then asked whether Raptoris also required for proliferation of AM® originated from bone
marrow-derived monocytes. For this purpose, we generated chimeras by adoptive transfer of

LAbreviations: mammalian/mechanistic target of rapamycin, mTOR; Alveolar macrophage, AM®; Large peritoneal macrophage,
LP®.

J Immunol. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Deng et al.

Page 9

a mixture of bone marrow cells from WT (CD45.1%) and RptorA™Yel (CD45.2*) mice at a
1:2 ratio into lethally irradiated WT hosts (CD45.1*CD45.2%). At 8 weeks after irradiation,
analysis of monocytes in the peripheral blood, spleen, and lung of host mice indicated
complete hematopoietic chimerism with WT and Rptor®™Y¢! close to the input 1:2 ratio
(Figure 5A). The WT to Rptor®™Yel ratio of IM® in the host was also close to 1:2 (Figure
5A), accompanying about 2 folds more Rptor®™Yel [Md than WT IM® in the host lung
(Figure 5B). These data suggested that the recruitment and differentiation of blood-derived
monocytes to IM® might not be obviously affected by mTORCL1 deficiency. However, the
ratio between donor-derived WT and Raptor deficient AM® was inverted to 2:1,
accompanying obviously less Rptor®mYel AM® than WT AM® in the host lung (Figure 5B).
These data indicated that Raptor deficient AM® were less efficient than Rapfor sufficient
cells in repopulating the AM® pool (Figure 5A). WT and Raptor deficient AM® exhibited
similar levels of autofluorescence (data not depicted). However, AM® signature markers,
with the exception of CD11c, were altered in the same pattern as in individual mice of the
relevant genotype (Figure 5C). Furthermore, cell size (Figure 5D), CD98 expression,
glucose uptake, and mitochondrial contents were all decreased (Figure 5E). Thus, Raptor/
mTORCL intrinsically regulates the phenotypic characteristics and metabolism in AM®.

The reduced AM® population from Rptor®MYe! donors could be a result of defects in
recruitment of the monocyte to the lung, in monocyte differentiation to AM®, or in AM®
self-renewal after differentiation. To pinpoint the role of mMTORC1 in AM® self-renewal, we
generated mixed bone marrow chimeric mice using WT (CD45.1*) and
Rptorf/fIR26C€ERT2/+ (CD45.2%) donor mice in lethally irradiated host mice
(CD45.17CD45.2™). Eight weeks after reconstitution, when the AM® pool had been
essentially reestablished as previously reported (8, 12, 13), recipient mice were given
tamoxifen daily for a total of 4 times to delete Raptor. The relative ratios of Raptor deficient
AM® but not splenic B cells or IM® to their respective WT controls were progressively
decreased in the chimeric mice 2 to 4 weeks after tamoxifen administration (Figure 5F),
correlated with decreased Ki67* expression and cell size in Rapror deficient AM® (Figure
5G).

Together, these observations support that mTORCL is important for self-renewal of AM®
and for replenishing this pool of cells /7 vivo. The unhindered population of IM® in the
absences of Raptor suggests that recruitment of monocytes to lung is absolutely dependent
on mTORCL1. However, we recognize that our data do not rule out that Raptor/mTORC1
may play a role for macrophages to migrate to the alveolar compartment of the lung.

MTORL1 signaling confers AM® optimal proliferating capacity in response to GM-CSF

A critical question remains to be addressed: which receptor(s) activate mMTORC1 to ensure
AM® self-renewal? A previous study identified both M-CSF and GM-CSF as tissue-derived
signals that contribute to local proliferation of AM®(8). Indeed, we observed that AM®
expressed CD115 (M-CSF receptor), as well as CD116 and CD131 (components of GM-
CSF receptor) (Figure 6A). /n vitro, GM-CSF induced robust division of CFSE-labeled WT
AM® (Figure 6B). Although M-CSF could also induce AM® proliferation, its activity was
much weaker than GM-CSF (Figure 6B). S6 phosphorylation, a hallmark event of mMTORC1

J Immunol. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Deng et al.

Page 10

activity, could be induced in AM® following GM-CSF treatment in a dose-dependent
manner (Figure 6C). Contrarily, M-CSF failed to induce obvious S6 phosphorylation in
AM® (Figure 6C), even though the same concentrations of M-CSF readily induced S6
phosphorylation in LP® (Figure 6D). GM-CSF-induced S6 phosphorylation could be
inhibited by rapamycin (Figure 6E) and was ablated in Rptor®MYel AM® (Figure 6F).
Phosphorylation of 4E-BP1, another mTORC1 substrate, was also decreased in RptorAMyel
AM® (Figure 6F). We also observed impairment of mTORC1 signaling in RptorAMyel
AM® from 7 day old mice (Figure 6G). Together, these observations demonstrated that GM-
CSF is a potent upstream mTORC1 activator in AM®.

To directly assess the effect of mMTORCL1 deficiency on GM-CSF induced AM®
proliferation, we co-cultured equal numbers of CellTrace dye-labeled WT (Zsgreen reporter
negative) and RptorAMYelR26Zsareen'+ ( Zopreen reporter positive) AM® in the presence of
GM-CSF /n vitro. After 5 days of incubation, Zsgreer* Rptor®™Yel AM® proliferated less
than Zsgree™WT counterparts (Figure 7A), which correlated to 50% decrease of RptorAMyel
AMO® residing in the S-phase, revealed by BrdU incorporation (Figure 7B). Moreover,
“acute” deletion of Raptorin AM® during /n vitro culture confirmed the importance of
mTORC1 signaling for AM® optimal proliferative responsiveness to GM-CSF stimulation
(Figure 7C — 7E). These observations, with those shown in Figure 4A — 4C, demonstrated
that mTORC1 signaling is necessary for GM-CSF induced AM® expansion /n vitroand in
Vivo.

GM-CSF efficiently induces metabolic reprogramming in AM®, seen in up-regulation of
transcription factors c-Mycand Hifla, which are important players in glycolysis and cell-
cycle entry, as well as the molecules involved in glycolytic activity (Hk2, Ldha, and Tpil),
and de novo lipid biosynthesis (SREBPI and SREBPZ, Figure 7F). Strikingly, these
metabolic responses to GM-CSF were markedly attenuated in Rptor®Myel AM®.

Collectively, mTORCL1 is required for AM® to respond optimally to GM-CSF to trigger
proliferation and control metabolic reprogramming, such as glycolysis and lipid
biosynthesis, to meet the energy demand for proliferation.

Discussion

Much emphasis has been placed on the identification of the embryonic origin of AM® with
the capacity of self-renewal over the past few years (1, 2). In contrast, the underlying
molecular events that mediate proliferative renewal for homeostatic maintenance of AM®
are poorly defined, though the proliferative capacity of AM® was noted 40 years ago (52).
Moreover, despite emerging evidence for GM-CSF to instruct the ontology and phenotype of
AM® (11, 13-16, 48, 53), little is known about whether and how this tissue niche derived
signal programs AM® self-renewal. Here, we demonstrate that mTORCL signaling is
essential for AM® self-renewal and that mTORC1 exerts its function at least in part by
ensuring optimal responsiveness of AM® to GM-CSF induced cell cycle entry. Myeloid
specific loss of Raptor/mTORCL in mice results in selective reduction of AM® numbers
correlated with defective proliferative capacity of these cells. Our study to the best of our
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knowledge, therefore represents the first evidence that mTORCL1 signaling is one of the main
molecular events that orchestrates AM® self-renewal.

The gene expression heterogeneity among macrophages and marked diversity of anatomic
locations in which these cells reside suggest that certain molecular events may affect the
maintenance of specific macrophage populations. Indeed, Spi-C is especially required for
the maintenance of iron-recycling macrophage residing in the spleen and bone marrow (54,
55), while studies using mice deficient in Gata6 revealed its selective role for the
maintenance of the LP® population by regulating, proliferation, survival, and tissue
localization (56-58). Our results uncover a novel tissue selective role for mTORCL1 in the
maintenance of AM®. It thus seems that the maintenance of other macrophages might be
capable of bypassing mTORC1 signaling, or be compensated by other pathways converged
at the level of the phosphorylation of S6, such as mitogen-activated protein kinases
MEK/ERK pathways (59, 60).

Establishment and maintenance of the AM® population requires the initial population and
differentiation of these cells from fetal monocytes (11, 13) and their subsequent proliferation
and survival. Our data suggest that mTORCL1 is not required for differentiation and initial
population of AM® in the lung. On day 7 after birth, AM¢ are normal in both numbers, and
in the expression of signature transcription factors such as PU.Z and PPAR-y (13, 46) for
their development in Rptor®MYel mice. Although a recent study proposed that the widely
used LyzMCe’* mice may not efficiently delete the gene of interest during the development
of AM®(13), we readily detected essential expression of the reporter protein as indicator of
Crerecombinase activities, and efficient abrogation of mMTORCL signaling in AM® in a
uniform manner in Rptor®™e! mice, ruling out the possibility that unhindered development
and population of AM¢ in early life is caused by inefficient deletion of Raptorin these mice.
In contrast to minimal influence on AM® in early life, our data reveal that Rapforplays an
important role in AM® proliferative self-renewal. We have found diminished dividing AM®
in Rptor®mYel mice, marked by compromised cell-cycle entry and metabolic activities.
Moreover, Rptor®mYel AM® display altered surface profiles and defective phagocytotic
capacity, indicating that mMTORC1 deficiency results in not only impaired proliferative
renewal, but also loss of maturation integrity of AM®. The importance of mTORCL for
AMO® proliferative renewal is further supported by our findings in a mixed bone marrow
chimeras experiment, in which deletion of mMTORCL1 in established AM® leads to impaired
AM® proliferative capacity for the homeostatic maintenance. Impaired viability of AM®
has been noted upon the exposure to the mTOR inhibitor temsirolimus in vitro (59).
However, we did not observe obvious survival defects in Rptor®mYel AM®. The difference is
likely caused by a potential inhibition effect of mMTORC2 by temsirolimus, which may affect
Akt activation. Additionally, mTOR-independent functions of Raptor have recently revealed
(61).

The heterogeneity of resident macrophages in different tissues implies that distinct tissue
niche specific signals regulate local macrophage identities and homeostasis (15, 62). For
example, omentum in the peritoneal cavity derived retinoic acid instructs the recruitment of
LP® (58), while concomitant blockage of local GM-CSF and M-CSF compromised AM®
repopulation after depletion(8). We sought to link the tissue signals that govern AM®
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proliferation with mTORC1 signaling. Intriguingly, GM-CSF can induce mTORC1 activities
in a dose-dependent manner, whereas the equivalent hematopoietic growth factor M-CSF
fails to do so, even though the same concentrations of M-CSF readily induce mTORC1
activities in LP®. Consistently, GM-CSF show stronger capacity to promote AM®
proliferation than M-CSF does. GM-CSF may induce AM® proliferation by promoting
glycolysis and de novo lipogenesis through mTORCL signaling. These essential bioenergetic
pathways probably support the enhanced energetic demands associated with cellular
proliferation. It would be of interest to determine how mTORC1 is activated downstream of
GM-CSF receptor in AM®. Although we propose that mMTORC1 may mediate GM-CSF
signal to promote AM® self-renewal, our data do not rule out that other ligands/receptors
may also regulate AM® self-renewal via mTORC1. GM-CSF has been found to signal via
PU.1 and PPARYy in AM® (13, 46). However, PU.1 and PPAR+y was not decreased in
RptorAmyel AM®, suggesting the possibility that GM-CSF may function through mTORC1
to promote AMF self-renewal apart from PU.1 and PPARYy. Further studies should
determine if mMTORCL could participate in other signals presented in the local
microenvironment to regulate AM® self-renewal.

Rapamycin has been used extensively for immunosuppression and anti-tumor therapies.
Rapamycin induced pulmonary toxicity and interstitial pneumonitis have been reported with
the underlying mechanisms remaining unclear (63). Previous studies showed impaired
macrophage function in mice or from healthy human donors treated with rapamycin (64).
Given the importance of MTORC1 for AM® homeostasis in mice, it is possible that
inhibition of MTORCL in human patients may similarly impair AM® homeostasis, which
may consequently contribute to the pulmonary side effects of rapamycin in clinical settings.

In summary, our study has identified an essential role of mMTORC1 for AM® maintenance,
both in steady-state and during irradiation-induced repopulation. mMTORC1 may mediate
GM-CSF induced metabolic reprogramming for AM® proliferation. Our data provide a
novel molecular basis that regulates proliferative renewal of resident macrophages in a
selective tissue. Furthermore, the selective dependence of AM® homeostasis on mTORC1
signaling might provide potential targets for therapeutic intervention of pulmonary diseases
mediated by AM®.
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Figure 1. Loss of Raptor results in a reduction of AM® pool in adult mice
(A) Representative dot plots of CD45" living cells from single cell preparations of

enzymatically digested lung from adult (6-9 weeks old) WT and Rptor®Myel mice.

(B) Frequencies and absolute numbers of AM® from 6-16 weeks old WT and Rptor2Mye!
mice. Each circle or square represents on mouse of the indicated genotypes. Data are
expressed as mean £ SEM; n = 9 per group.

(C) Representative dot plots of CD45" living cells from single cell preparations of
enzymatically digested lung from WT and Rptor®MYel mice at the age of 7 days.

(D) Frequencies and absolute numbers of AM® from WT and Rptor2MYel mice at the age of
postnatal day 7. Data are expressed as mean £ SEM; n = 4 per group. n.s., non-significant.
(E) Quantitative real-time PCR analysis of PU.Zand PPAR-y mRNA in sorted AM®;
results are presented relative to those of the control gene B-actin. Data are shown as mean +
SEM of triplicates and are representative of two independent experiments.

(F) Quantification of macrophages from various tissues, including interstitial macrophages
(IM®) of the lung, large peritoneal macrophages (LP®), small peritoneal macrophages
(SP®), spleen red pulp macrophages (RP®), and bone marrow macrophages (BM®). Data
are expressed as mean + SEM; n = 5 per group.

(G - 1) Zsgreen reporter expression was analyzed in macrophages with indicated genotypes.
Representative histograms show Zsgreen levels in AM® from adult mice (G) and 7 days old
mice (H). (1) Zsgreen® cells among macrophages from various tissues in adult mice. Data
are expressed as mean + SEM; n = 2 per group.
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(J) Indicated leucocytes counts in the lung from WT and Rptor®MYel mice. Data are
expressed as mean + SEM; n = 3 per group.
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Figure 2. Raptor deletion altered AM® surface profile
(A) Autofluorescence(Autofluo) of unstained AM® from WT or RptorA™Ye! adult and 7

days old mice measured at violet excited emission by flow cytometry.

(B and C) Siglec-F, CD11c and CD11b expression in WT and Rptor2Myel AM® from adult
mice. Overlaid histograms (B) with isotype control shown in solid gray. (C) Normalized
geometric mean fluorescence intensity (gFMI). Results are presented relative to WT AM®
(set as 1). Data are expressed as mean = SEM; n = 4 per group.

(D) Real-time gPCR analysis of Siglec-F, CD11c and CD11b mRNA levels in sorted AM®.
Data are shown as mean + SEM of triplicates and are representative of two independent
experiments.

(E) Relative gMFI of various molecules in Rptor®Myel AM® measured by flow cytometry.
Results are presented relative to WT AM® (set as 1). Data are expressed as mean + SEM; n
= 3 per group.

(F) Siglec-F, CD11c and CD11b expression in AM® from 7 days old WT and RptorAMyel
mice. Isotype control is shown in solid gray.
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Figure 3. Raptor deficiency altered AM® M1/M2 polarization and phagocytosis function
(A,B) AM® were purified from freshly isolated bronchoalveolar lavage from WT and

Rptor2mYel mice, followed by stimulation with LPS (10 ng/ml) or IL-4 (10 ng/ml), for 6
hours or 24 hours, respectively. (A) (Left) Intracellular flow cytometry analysis for 1L-12
(p40) in AM® stimulated with LPS. (Right) Representative Data are expressed as mean +
SEM; n = 4 per group. (B) Quantitative real time PCR analysis for expression of (left) M1
hallmark gene NosZ2 or (right) M2 hallmark gene Chi3/3, alias YM1, upon stimulation by
LPS or IL-4, respectively. Data are shown as mean = SEM of triplicates and are
representative of two independent experiments. (C, D) Impaired phagocytosis of apoptotic
thymocytes by Raptor deficient AM®. WT and Rptor2MYel AMd were incubated with
apoptotic thymocytes pre-labeled with pHrodo for indicated time. (C) Representative dot-
plots shown pHrodo Red intensity in gated AM®. Gating strategy for identification of AM®
is shown in Supplementary Fig. S2B. (D) Bar-graphs showing mean + SEM of pHrodo Red
positive AM®. n = 5 per group.
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Figure 4. Essential role of mMTORC1 for AM® proliferation in vivo

(A, B) WT and Rptor®MYel mice were i.p. administered with 1.5mg BrdU per day for 7
consecutive days prior to flow cytometric analysis of cells in various tissues. Gating strategy
to identify AM® is shown in Supplementary Fig. S3C. (A) Representative dot-plots depict
the percentage of BrdU staining among AM® from WT and Rptor®MYel mice. (B)
Percentage of BrdU* cells among AM®, IM®, RP®, Ly6c™ monocytes in spleen and bone
marrow. Data are expressed as mean + SEM; n = 3 per group.

(C) Percentages of Ki67* AM®. Data are expressed as mean = SEM; n = 4 per group.

(D) CDKZ2, CDK4, CDK6and CCND2mRNA in sorted AM® measured by real-time
gPCR. Data are shown as mean + SEM of triplicates and are representative of two
independent experiments.

(E) AM® cell sizes from WT and Rptor®™Ye! adult mice indicated by forward side scatter
(FSC). Representative overlaid histograms and relative gMFI of FSC are shown. Data are
expressed as mean £ SEM; n = 6 per group.

(F) Expression of CD98, 2-NBDG uptake, and MitoTracker staining of RptorAMyel AM®
relative to WT AM® (set as 1). Data are expressed as mean + SEM; n = 4 per group.

(F) Representative overlaid histograms of MitoTracker staining of Rptor®Mvel AMd®

(G) Bar graphs are mean = SEM of the relative MitoTracker staining intensity of WT and
Rptor2Myel AM®. n = 3 per group.
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(1) Mitochondrial DNA copies were measured by quantitative PCR, and normalized to
nuclear DNA levels in a ratio of mitochondrial 12S rDNA over genomic 18S rDNA. Data
are shown as mean = SEM of triplicates and are representative of two independent
experiments.
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Figure 5. Raptor is required for AM® proliferation during irradiation-induced replenishment
(A - E) Lethally irradiated recipient mice (CD45.1*CD45.2%) were transplanted with mixed

bone marrow cells from WT (CD45.1%) and RptorAmYel (CD45.2+) donor mice. Chimeric
mice were analyzed 8 weeks later. (A) Dot-plots show distribution of WT and Rptor2myel
blood, spleen, and lung monocytes and lung IM® and AM®. Monocytes obtained from
peripheral blood and spleen were defined as 7ZAAD~SSC!o¥CD45*CD11b*CD115*Ly6G,
and that from lung were defined as 7AAD~SSC!*"CD45*CD11b*Autofluo~Siglec-
F~F4/80*. IM® and AM® were gated as described in Fig. S1. (B) Donor-derived and host
IM® and AM® numbers in chimeric mice. Connected lines represent individual chimeric
mice. (C) Siglec-F, CD11c, CD11b expression, (D) FSC-A as measurement of cell size, and
(E) CD98 expression, 2-NBDG uptake, and MitoTracker staining in donor-derived WT and
Rptor®mYel AM®. Isotype control is shown in solid gray. Numbers in the plot indicated
gMFI of relevant cells. Data shown are representative to two experiments.
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(F, G) Bone marrow chimeric mice were generated by adoptive transfer mixed bone marrow
cells from WT (CD45.1*) and Rptorf/fIR26CTeERT2+ (CD45.2*) mice into lethally irradiated
WT host mice (CD45.1*CD45.2%). 8 weeks after reconstitution, chimeric mice were i.p.
administered with or without 2 mg tamoxifen for a total 4 times to “acutely” delete Raptor.
(F) Donor-derived WT and Raptor deficient AM® and splenic B220" B cells in recipients
without tamoxifen treatment and 2 weeks or 4 weeks after initial tamoxifen treatment or
lung IM® 4 weeks after initial tamoxifen treatment. (G) Ki67 staining in donor derived WT
and Raptor deficient AM®.
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Figure 6. mTORC1 activation in AM® is induced upon GM-CSF stimulation

(A) CD115, CD116 and CD131 expression in WT AM®. Isotype control is shown in solid
gray.

(B) CFSE (carboxyfluorescein succinimidyl ester) dilution in WT AM® cultured with rGM-
CSF (10ng/ml), rM-CSF (10ng/ml), or vehicle for 5 days /n vitro.

(C, D) Cells obtained by bronchoalveolar lavage or peritoneal capacity lavage from WT
mice were ex vivo stimulated with varying doses of recombinant murine GM-CSF (rGM-
CSF), recombinant murine M-CSF (rM-CSF), or vehicle (PBS) for 30 min. S6
phosphorylation (p-S6) on gated live macrophages were analyzed by flow cytometry. (C)
Cumulative data of gMFI of p-S6 in AM®; results are presented relative to vehicle control
(set as 1). Data are expressed as mean = SEM; n = 4 per group. (D) Representative
histogram showing p-S6 in live LP® cultured with rM-CSF. Isotype control is shown in
solid gray. Numbers in the plots indicated gMFI of relevant cells. p value was determined
using a two-way ANOVA test.

(E) Inhibition of rGM-CSF-induced pS6 in AM® by rapamycin pretreatment. AM® were
pretreated with rapamycin at the indicated concentrations followed by stimulation with
10ng/ml rGM-CSF for 30 min; results are presented relative to resting cells (set as 1). Data
are expressed as mean + SEM; n=3.

(F, G) Representative flow cytometry analysis of S6 or 4E-BP1 phosphorylation (p-4E-BP1)
in fleshly isolated AM® from WT and RptorAmYel adult mice (F) or 7 days old mice (G).
Numbers in the plot indicated gMFI of relevant cells.
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Figure 7. Raptor confers AM® optimal proliferative response to GM-CSF
(A, B) Equal numbers of WT (Zsgreen reporter negative) and RptorAmyel R2gZsgreen+

(Zsgreen reporter positive) AM® were not labeled (B) or labeled with CellTrace Far Red (A)
and co-cultured /n vitro in the presence of 10 ng/ml rGM-CSF or vehicle for 5 days (A) or
80 hours with the addition of 10 uM BrdU in the last 8 hours (B). (A) Histograms show
CellTrace Far Red dilution in WT (Zsgreen™) and Rptor®MYel (ZsGreen*) AM®. (B) BrdU
and DNA content staining in WT (Zsgreen™) and Rptor®™el (ZsGreen*) AM®. Scatter plot
summarizes data of three independent experiments. Data are expressed as mean + SEM.

(C - E) AM® chimeric mice (CD45.1*CD45.2%) reconstituted with a mixture of WT
(CD45.1*) and Rptorf/fIR26CTeERT2/+ (CDA45.2*) bone marrows as described in Figure 5F
and 5G without tamoxifen treatment were cultured /n vitro in the presence of 10 ng/ml rGM-
CSF in the presence or absence of 0.5 pM 4-OHT for 5 d. (C) Representative dot-plots
showing donor derived AM®.

(D) S6 phosphorylation in donor derived AM® treated with 4-OHT. (E) CFSE dilution of
AMO® initially labeled with CFSE and cultured with 4-OHT for 5d. Results are
representative of two independent experiments.

(F) Sorted AM® from WT or Rptor®MYel were cultured in vitro in the presence of rGM-CSF
10ng/ml for 8h, followed by real-time gPCR of indicated genes. Fleshly sorted cells served
as untreated control. Data are expressed as mean + SEM.
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